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,)v,:_.iuation of the data both on the protuberance and in the wake regions are ma.le,

The test,}rogram is an extension of the General Protuberance Heat Transfer Te:_t.

The a lditional series of tests was conducted to define the extent of wake heating

and.to assess the effects of Reynolds number variation on heating both on and

_I i.ilii _ around the protuberances.

:|,...... .., _ The protuberance models were mounted near the forward end of a six-foot instru-

_!i,_., mented te_t plate with stringers that simulated interstage and skirt structure

"!i _._ of the Saturn S-_ stage.

7" The tests were performed at i,_chnumbers of 2.49, 3.51, and 4.44. Reynolds

numbers per foot of 3 x lO6 and 1.5 x l0g were used for tbe two lower Mach

numbers and 3 x lO6 for a Mach number of 4.44. The test Math numbers simulated

_ii , ! :: the Saturn S-IVB flight conditions during the most severe aerodynamic heating

i!. _" r,eriod. The test Reynolds numbers were somewhat higher than the flight value_,

" !" I.i_ but lower values could not be used because of tunnel and instrumentation

i ]imitations.
i'

iji_.) Oil flow runs were made on two representative models at various combinations of

i_.:, _: Mach number and Reynolds number to help define the extent of wake heating.

ii' _ ___elata are presented in the form offratios of local heat transfer coefficient

i!, i]_, tO(hc/hcoL'!atilate.(wlth stringers)heat transfer coefficient In undisturbed flow

I
: .'_ |I|
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iii The results of the test show that wake heating effects are still present
,!

:' 25 diameters downstream of the body. It Is not k_own at this time where normal i_
¢,

' flat plate heating returns. The results also show that wake heat transfer

:,.. coefficient ratios (hc/hco ) Increase with increasing Mach number and also _i:,: 9S
,/,

:.. Increase with decreasing Reynolds number. The disturbance effects in the wake -

•,':: region are shown to be dependent on protuberance size within the boundary layer

,-. and on the bluntness of the afterbody, ii

Wake heating data on a smooth plate (without stringers) are included. These runs _

,-i were not specified in the test plan; therefore, calibration of the smooth plate

,_._. was not performed. :_
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I!' PREFACE

_.Z ,

_"_' i The Protuberance lleatlng Test Program was conducted for the George C. Narshall

,:':}! Space Flight Center under Contract, _o. NAS 7-i01. The test program was requested

---t'ii,",'] _, by Engineering Change Proposal No. X066. Authorization was made by Change

_. '_'i'i t;_' Order 558. The Test Plan was presented in Reference 1.

successfully completed with the accomplishment of all primary and secondary

_!I:i)iiii!ii objectives specified in the test plan.

.;.:._.,.._ ._
" ':.' :..)i

from the General Protuberance Heat Transfer Test (Reference 2) that was per-

formed in April, 1964.

if'" _ This report is the presentation and evaluation of the data obtained from the

Protuberance Heating Test Program.

!iii)/
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'i_ I,

1, L.t_']'l,_(_]][I(]_101[

[

}",JiJ,.>Wlsl_, th,_ .l':l)'llt II,,P:I_)[I _.,1"I;,,ll,,.l.'l_.J }'l',ltUl,,_'l,.tl(,,, ll_?_d: T,.;,nIII.'¢,P Tt,llt,,

!_i (l_cd'(_Z',JllCC_ k) at the LangJ,ty ll(_fu.u._.hC,.,nt_l.,tbi,ltal.yJ'i,_f.ulW]l_d ']'unn_I,|.,Lt

, ._ became apparent that a,;dlt'.Iont_lteats would bu doulyl_blu t_,,I:'urthcrd,_I']n,,
' _ the eI.'fectuof wake heating and to determlnu the off ceil] oi'Reynoldu nullll,cl"
,

;,,':' _ variation on heating both on and around protuburancc,,t;, 'l!hep "vioutl_',,:rac_3

•:..: of wind tunnel tests had given wake heatlng data up to ten pr tubr,_'t_Ct.

'. "' diameters downstream where heating effects of the ere. '. ? i, ._:c.. nor:ml

". _. flat plate heating were seen to exist.

:_' I 1.2 Test Objectives

l The primary purpose of this test was to define the wake heating region behind
various shaped protuberances so that structural temperatures and insulation

i

, ,_ requirements for Saturn stages could more accurately be determined. Second-

:._..i ary objectives were to define the effects of boundary layer immersion on

.";"i protuberance forebody heating, assess the effects of Reynolds number varia-
v_

',,, _ tion on heating both on and around protuberances and determine flow field
..'..} patterns using oil flow techniques.

....A" The four model configurations tusted (figures i and 2) were chosen to most
.i

..,:-,_ nearly satisfy the specified test ob_ectlves.

o ,( ,

/,
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_ l.B Facility Installation and Schedule

i :'_ The four test models and test plate were the same as those used in the

_'_ General Protuberance Heat Transfer Test (Reference 2) The plate was

"'" installed on the tunnel door as had been done for previous testing (Ref-

erences 2 and 3). To effectively lengthen the instrumented wake heating

":i;_i' region, the following modifications were made:

:,;_ii a. The model attach point was moved forward to the back-up plate,

".i_i:} 36.4 inches from the original position on the test plate.

iiii:;!!: b. The stringers were extended 24 inches forward of the test plate _

12,_: onto the tunnel sidewall. :"
_s.(:'

'.'_:' System continuity checks revealed that approximately 30 percent of the _

_; thermocouples were inoperative. Corrosion of the iron wires of the thermo-

couples during the one-year storage period between tests was responsible for

_ the failure of the temperature sensors. All of the test plate and model

;_ thermocouples were reworked to insure the integrity of the instrumentaticn

system• ',

:,_ -: The test plate was installed in the tunnel on 23 July 1965. Testing was !_

! ....i started on 26 July 1965, and con_leted on 29 July 1965. The test model_.

_ and stringers were removed from the tunnel and shipped back to Douglas,

'i/ ".,/ Santa Monica. The test plate was left at the Unitary Plen Wind Tunnel

.t', _

iI The entire Protuberance Heating Test Program proceeded very smoothly _rom

! the time of model delivery and test setup through the completion of testing. _!

;If 2 ,
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!I
.... ,' 2. TEST PROCEDURE

_. '-I. ,_..j
. The instrumented test plate used in the previous series of tests was

-: .' f,7, installed flush on the tunnel sidewall. The various models were attached

" '" to the forward end of the plate for testing (figure B).,:':i" The method used for determining heat transfer coefficients (Reference 4) is

"'_ I_:_ o_tlaned in detail in the Appendix. The method basically consisted of___.._; .....

' ": " determining the heat transfer coefficient as a function of time by measuring

i_l:]/!iii' the transient wall temperature (outside skin of the test plate) during a "

_li'L_;"!:ii"_ period in which the wall temperature was increasing. The total temperature

i[:/...-,.i! differential for heat" transfer testing was obtained by bypassing the tunnel

-/,, _! cooling system. The rise in total temperature took place over a period of

several seconds and was dependent on the Mach number. As the total tempera-

.r_.., ture rose, the automatic data _.ecording system was activated. _?_e ther_-

-. couple readings were recorded after the peak total temperature was reached.
[_,

_ Typical heat bumps for the three test M_ch nun.bars are given in figure 4.

_ "-, 3. MODEL DESCRIPTION

._ 3.i Test Plate
b/

_, . The test plate was a flat lam: hated plate 60 inches long and 40.75 inches

[ , " wide. as shown in figure 5. It consisted of a O.Oh7 inch stainless steel

;i _ (347 cres) test surface insulated by a 0.375 inch thick hexagonal fiberglass

[i '_ honeycomb section bonded to a 0.125 inch stainless steel (3147 cres) waffle

" ':,'] backing plate. The plate was mounted flush with the tunnel wall on the

!
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access door of the test section and was instrumented with 123 thermocouples

.... and 12 pressure orifices.

3.2 Stringers
'q '.

Ten removable stringers of sheet laminated phenolic, a material of low ::

• thermal conductivity, were spaced 2 inches apart (on centers) on the test

-:,_ plate surface. The stringers were 0.5 inch square with leading and trailing
,17z

:,_ faces scarfed at an angle of 30 degrees with the plate surface. The :i

:.... stringers extended forward approximately 24 inches from the leading edge

:._.£: of the plate and were attached to the tunnel sidewall. Two of the stringers !

i° if:I"::_i.,_ were channeled to allow for the routing of the model instrumentation wiring. .

3.3 Models

The models were electroformed shells of nickel, 0.040 inch thick, with "

laminated phenolic bases for insulation. The following four models, shown

with instrumentation locations in figures 6 through 9, were used in the

test :

:' Forebody Centerbody Centerbody Afterbody

/:,_i:_i! Model No. Angle Height, Cal* Length, Cal* Angle ]

2(M2) 15 ° 1.0 2.5 30o

'i ', _(M5) 15° 1.O 2.5 900

9(Mo) 30o 0.5 0.5 30°
f

i0 (MIo) 30° 2.0 2.0 30° I

*i _aliber = 5.0 inches

I

4
[- !,

• , | m i
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iil 3.4 Instrumentation

:' Temperature measurements on the models and test plate were obtained as a

....• ,;i' function of time by means of thermoeouples. The thermocouples were iron-

,. constantan potted with pure tin into 0.030 inch diameter holes. The wires

E/ _ !0,,'

•.:.:__,.:_ were insulated with No. 26 gage nylon. Pressure taps on the plate were

• -_:.b_:: ._:.,i,'_ 0.0625 inch O.D. by 0.012 inch wall stainless steel tubing.

•'j_E.iq

Table £ presents the locations of instrumentation for the plate and models.

: _': Dimensions are given in relation to the model attach point. "

:' 4. RUN SCREDULE

' The Protuberance Heating Test run schedule is presented in table 2.

;'. The tunnel conditions (total pressure and temperature) measured after the

" heat bumps are listed for the various Mach numbers and Reynolds numbers:

.j_ Reynolds _umber PT TT

i t_'": Mach Number x i0 "° psf___aa OR

' :_._ 2.49 3.0439 3225 720

.,°.. ( I _ 2.49 I.5727 1659 717

'/ : f ' 3.51 2.9434 5373 713

: . 3.51 1.2806 2356 712
• , "..

,,' 4.44 3.1085 8657 683

h
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-J ;: 5. RESULTS AND DISCUSSION
J,

,;

5.1 Calibration Runs

The calibration data obtained from the flat plate with stringer conflgura-

•",)•

tlons are given in figures i0 through 15 for the various combinations of _

•.: Mach numbers and Reynolds numbers tested. The data from three calibration

runs fur the flat plate without stringers are included in figures 16, 17
: 23

% o!'

: ,_ and 18. These data are taken from the General Protuberance Heat Transfer

...."; Test (Reference 2). They are used as reference values to determine the flat

plate heat transfer coefficient ratios with Model No. 9 on the smooth test

;'•"'_; plate (Runs 6-4 through 6-8). Calibration runs were made only on the test

:''"_ plate with stringers since all of the scheduled protuberance runs specified

that configuration. ,

5.2 Wake Heating Runs ,:_

5.2.1 Heat Transfer Data for the Test Plate (hc/hco_s) and on the Models (hc)

i ti

• the wake region are presented in r__.srmalview layout in figures 19 through 56.

- 'i.tl Pressure coefficients on th_,test plate are also given for the entire range _I

. of Mach numbers and Reynolds numbers tested The heating data on the models

• The I_, 'i;_., are presented in terms of local surface heat transfer coefficient, he.

•,"_, heating data in the wake region are given as the ratio of surface heat

transfer coefficient to flat plate (with stringers) heat transfer coefficient, i
=

;ti' (hc/hco,s).

[i;' • '

.i -. A
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Wake he_,tin_ and pressure eoeffi,:ient data are presented in figures 57

through 61 for Model No. q on the smooth test plate. These five ruus were

m_de to provide supplementary data. The data from the runs made eft the high

'',,,:i'I Reynolds number (3 x 106/ft) are presented in terms of he/bee with the

",!i , reference v:,lues of h taken from the data obtained during the General
i' GO "

"_ " 'L .'lI

•. " Protuberance Heat Transfer Tests (Reference 2, Runs: i-i, i-2, and i-3).
, ,','

4_ 4

q _

_'_ The data from the runs made at the low Reynolds number (1.5 x 106/ft) are

,2 :.ij::"'J
. _::_ presented as hc.

,.,, .... !i It is noted that the heat transfer coefficient ratios tend to be somewhat

- "'..: '_ higher in the wake region for the smooth plate without stringers.

:.,, D

....._ _ 5.2.2 Wake Heating Along the Protuberance Centerline

.... A presentation of the wake heating data along the centerline of the

protuberances showing the effects of Mach number and Reynolds number is made

for the four models in figures 62 through 65. The data are presented in the

" dimensionless form of hc/hco,s versus x/d (distance behind the protuberance/

. _',_
_ ). protuberance diameter).

:.ii,'.•"i _'_., The size of the test models and stringers with respect to the boundary layer

thickness (z/6) simulates the range of Saturn vehicle protuberance z/6's.

,"'" -_, The test Mach numbers correspond to the local Saturn V/S-IVB flight values

!i during the period of significant aerodynamic heating. Test Reynolds numbers

.-: are substantially higher than the flight values through' most of the aero-

_'.,_ dynamic heating regime. Tunnel and instrumentation limitations prevented

. •'5 , :, "_."I

1

7
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_ - a e_o_er slmul.ation of Roynolc)s number. The relationship between the f_].idll,

;Lo ' ' "_i
i

an(] i:,entparameters Ln ahown below:
.,f..

/ '

,= , . ,' I I _- """""1'"......_j+/_ AFT SKIRT

i _***o*,oo
• _***%*o***

o,_*t o0*o%%

=¢: .............. _'.'.'.'.'.'.*..'.'.'.'.' /S IVB....... : ....... SATURNV FLIGHTBAND

I,_ _" _ X ";""*""'""""
, •, _ *, _ %. %, %,• *, • %%%%%% *% •%

=_ , ' , * I_IttttlIItlIItitltltI
tt1_t11@_tlI@@ItI ttlttI_I

_ : _ _ MAXIMUMAERODYNAMICi =:":i :i >"
.F..I..:,.; = , HEATING DURINGFLIGHT

-:-'...,_!._ _ REGIONOF
.':_'. ,..._: _ . -- _,_,,•,_,,_,,._'_-'"_'_'_"_-,,

-'_"": _ IC HEATING" ....'_:'_' _ _ ii_!i_.,..

AFT LOCALMACHNUMBER

r_,,_,. INTERSTAGE-']

!_": ( INICALSURFACE)I
!_;_'- 2.49 3.51 4.44
_" TESTMACHNUMBER

_'_._ , @ TunnelTestConditions

;"•i?:'.i:.i It has been determined from the test data that hc/hco,s in the wake region

•: : • after the point of flow reattachment generally varies directly with Hach

" , number and inversely with Reynolds number The local Reynolds numbers on '

:[, ../.."", the S-IVB stage aze from 15 to 85 percent lower than the lowest test ,,_

._...,. 108 106',_ Reynolds number (R2 = or Re/ft = 1.5 x ) at the time of maximum

• i

T-:'il: aerodynamic heating. Using a linear relationship, this represents a
• |, •

], , 5 to 20 percent increase in hc/hco,s. The divergence between fli_ht and

, test Reynolds numbers increase.s after the point of maximum aerodynamic _i

•}, : heat'tn_,,,' however, the percentage increase of hc/hco ,s (between the high and 1 .

"., i 8
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. , : low tes_ Reynolds numbers) diminishes with increasing Math number. The

.... due fieflif_ht a'dd test Reynolds m_nber
; extent of the increase in he/hco,s

; varlahion over the entire aerodynamic heating regime can only be estimated.
,"4

" : A_ an example, the Saturn V/S-IVB hc/heo,s ., i values would be increased rito

:' . 20 percent (depending on the location being analyzed on the S-IVB stage)

106"' over the values determined at M = 2.4o and Re/ft = 1.5 x

: '!:;_/ Additional wake heating data at Mach numbers 2.4_ and 3.51 would be useful

2. Reynolds number reduction.

5.2.o.1 Model No. 9 (Me + PI )

"',', It can be seen in figure 62 that the hc/hco,s ratios reach a maximum value

just aft of the con'ieal afterbody of Model No. 9. The decrease in hc/hco,s

. is small for x/d greater than I0. At M = 4.44, heating up to 1.6 times the

flat plate value still exists 23 diameters downstream.

,_.!. The trend of increased hc/hco,s with an increase of Math number and. a

-i decrease in Reynolds number is apparent. However, it is noted that as the

,. ::: '"! Mach number increases, the incremental rise in hc/hco,s due to the Reynolds

ii'_., number variation decreases.
' /

':::: i '_ 5.2.2.2 Model No. 2 (M2 + P1 )
i!' , i_

ii, ,I' '_'_*_ Coat rary to the trend o][_served for Model No. 9, there il_ a sharp decrease in

hc/hco,s with Mach number Just downstream of the afterbody of Model No. 2

i (figure 63). At approximately three diameters downstream, the heating

ii ...i.i ,_' , i1 approaches flat plate values for M = 3.51 and h.hh. At six diametersi

.............. ' O0000001--Ts -



m

._.$.

, downstream, the heating approaches the same direct relationship to Math

.. number as was observed with Mode]. No. 9.

The variation in h /hco,s between Model No. 9 and No. 2 results from the dlf-_ C

_" fe_.ences of protuberance height (z) and boundary layer height (8). For Model

I i No. 9 and No. 2, z/5 = 0.42 and 0.83, respectively. Data from Reference 2

i have shown that forebody angle has little effect on wake heating.

5.2.2.3 Model No. 10 0 + P1 )

I;> : #:

I_._.., Values of hc/hco,s
"ii:<'._:: peak directly behind the afterbody of Model No. IO in

_!_/, _,i inverse relation to Mach number (figure 64). At 3.5 diameters aft, the

.,_:2[/_._ direct relationship of Mach number to hc/hco ' exists as was noted ifi the ;

. previous models. It is noted that the hc/hco 's increase_ due to the

reduction in Reynolds number (Re/ft = 1.5 x 106) approaches 25 percent

for M = 2.40, but the incremental increase of hc/hco,s diminishes as the
?

:: Mach number increases.

it ' The effect of protuberance height on the magnitude of wake hc/hco,s is

i? ...._ apparent. Values of hc/hco,s in the wake region behind Model No. iO _

, (z/6 = 1.66 inches) are up to 150 percent higher than the values in the

! : _: wake region of Model No. 9 (z/6 = 0.42) 'i!
, '.,'; ',, ' q

_-_[+. 5.2.2.4 Model No. 5 (M_ + PI)
, _

,i

i" ,. The heating in the separated region directly behind the blunt afterface

1

_i of Model No. 5 (figure 65) is as low as 20 percent of flat plate values.

>_. The pressure returns to freestream values at 3 to 4 diameters downstream

/.

. J . .

, :o'
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.... 1_ecornpaniodby an Jncroam:, in w_ko hoatlng. Tho diroet rolationship o£

_:i: he/heo,s to Maeh nmnbor exl_Ita r_ftor one dlamoter down_tron,m, but the

,. hoatln£ levels for the various tc_lt parameters are somewhat lower than

_. tho_e for tl_e conlct_l aftorbody eonflguratlona..t

:?

" '2;.2,3 Lateral Variation of h /h i,_the Wal;e Region

' _: The [aterut variations of hc/hco,s in the wake region (figures 66
" D.'.

'_ !') throui_h 6!?) show the effects of Mach number and Reynolds number for the ,

._"' :_: ,,.,-. four model configuragions. The profiles of h /h are given as functions

"'.} %_ of x/d and y/d (downstream distance/model diameter and lateral distance

.. i,,.: from centerline/model di_uneter, respectively). It is noted that the

lateral disturbance patterns vary inversely with z/6 (model height/

!,:., boundary layer height). This is particularly evident at the highest

Mach number.

i,_ilI 5.2.3.1 Model No. 9 (M9 + PI)

..:: ("i( Th_ disturbed heating effect in the wake region of Model No. 9 (figure 66)

• 7

is restricted to a relativel;f narrow width (y/d < I) for the test Math

- _: numbers of 2.40 and 3.51 %'he disturbance pattern widens substantially

"i: "' 1.;I at the highent tes_; Math ntmzb_t',h.h4, and appears to extend beyond, the
(

• later'al limits of the instrument'_tion in the wake region up to 16 diameters

i; do_%_tream. For y/d greater than one, the effect of Reynolds ntunber on
1

hc/hco'- is nei:lii_,ible. #

!.'

t
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5._-.3.2 Model No "_ M_ )

' G'hf_ tl/.fltli:t,l,,_L i,,,,t].ng _t'.t'_et l.l_ ttl_ wll,kn 1,r,g:l.nn al.' M_]dr_]. Nu, ',-_,;xL,:ndrl

}, . tW_pr,:/xllllld;_!.l,y ,<?.5 d.iamotoya !at¢)rrd.ly from tho mf-ldnl e?.nt¢_t,]..In¢, for it].].

i,.... Mt.kch numhorn (:['J.Ir,ur_.t 67), tl.'ll_.t .i'udu.et loll .I ti l.t<,ylifl,l.dll nl_nlbOl.' (fyom

i ]t_!/J,'g m i_ X ,[0 (l tO ],,I,) X 3,(J b) (_(.IZl.'.ll'll,:l.|,_' l't,'lllJ]..tll Ill IX [llll(Ll:[ ,lllCl'(o)l_l,lO :in

il /h .
0 t,O ill I

r-,

t ,_.' 5.?.3.3 Mod('l No. i0 (MIO + PI)

." Tile disturbsmce pattern illthe wake region of Model No. i0 is confined

' •)cv

. ".'"'i to approximately one model diamuter from the center!ine for all Much

< :. numbers (figure 68) The increase in hc/hco,s with reduction in Reynolds ,t

" number (from Relft = 3 x 106 to 1.5 x 106) is more apparent for this

model than for the smaller models (Nos. 9, 2, and 5). .i

.-_ 5.2.3.4 Model No. 5 (M_ + P1 ) . ;i

--__ ., The lateral dimensions of Model No. 5 (figure 69) are the same as Model ,.

P! .. :' No. 2. Tile heat transfer coefficient ratios Just behind the blunt after-

'"... ,:'''. . ".... face are low as noted in the discussion of he/boo ,s along the centerline

-).":_' " (Section 5.2.2.4) The heating ratios generally increase with a reduction :i
-' i"_i. 106,;, :: ""_ in Reynolds number (Re/ft = 1.5 x ). As in the case of Mode] No. 2,

[-' .,, the disturbed heating pattern diminishes a_ approximately 2.5 diameters ,

from the

i!1"" I
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The hea,t transfer data on the surfaces of the models are presented in the

_. form of ratios of heat transfer coefficient on the model surface to flat

plate (with stringers) heat transfer coefficient (hc/hco,s). This method

7 _ of presentation is intended only for the purpose of comparison between models

"' .,': and a given set of flow parameters. It is not suggested that the hc/hco,s

_,:;:': !.,i_ valuesbe used to determine the heating rates on the surfaces of protuber-

.:""_ antes. Analytical studies (unpublished internal reports) using the hc/hco
.:IL:, ,s

'.', .. (, _,_, values on the protuberance uurfac_ have resulted in poor correlation,
2. /i

: 5.2.4.1 Mode_ No. 9.

_ It is seen in figure 70(a) that heating on the forebody increases with

:!_ increasing z/6 as expected. However, it would be expected that heating at
v

' the forward end of the centerbody would be somewhat lower than at the aft

.:... _ _'.;

,

, ' 13
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nnd of th_ a,mtnrbcdy, It san bn n_n from th_ data that apparnntly thn

hn_tilig Wan iratOllhighol. _ at thn forwl_rd _nd nf th_ e_nt_b_idy. B¢_oalm_ of

"13)llfl l-li_12lllllll7 _lJgtlll] _.n _|li_ dfl,t_ft_ it Wfi, fl flllflpflO-,Lt_l] #,)lrlt tWCI-d,_lllftDfl!.i]nt%] )ittl%l;

, >

trlLllflPd,_ t_;['llolDil ;[?o;_4 tlll ri rllliall, ill<_dr,] wnro il;l, gil;!./_iol!ill;, Fl'+Jlll iLii iLillT!._i __.11t :1,I,

l_lll booli dotornr, l,nol) t;llr_t I%mlbrltimtl_l _mount o1' lle_t Wall ,_oriduo.I;oli ',t },om t I_n

hot forobo_ly tn l;h_,lrolativoly oo_.;I t'ol_lril,(l tlootlori of iDho _nri'llolll_lily, Th_l[I

condition renultod in a centerbody skin tempei'_turorise (AT) tint wao

'; greater than would occur from one dimensional convuctive auro0_n_mic heating

' alone, The same type of condtictioneffects occurred at the forward end of

i,
_I".,, the afterbody, i,e,, receiving heat from the centerbody, The effects of

jL_

-!. . conduction were the most prominent on Model No, 9 which was the smallest

.,' %.._ model tested, ",

The heat transfer coefficients calculated from the temperature response

_, (see Appendix) of the thermocouple do not include the effects of conduction.

_:_. The heat transfer coefficients in the areas discussed have been adjusted to

account fur the conduction effects in Model No. 9 (Section 5.5.1.1).

@

}. ._ The heat transfer coefficient ratios (hc/hco,s) generally vary directly with

,,.._ lilchnumber and vary inversely with Reynolds number.

• ','"" .,_k: Distribution of hc/hco,s along the model periphery at various station planes

'il ;"i '_ are given in figure 70(b), The heating gradients are large on the high
i}

._I"• " heating areas of the forebody due to immersion of the surface in the ,_

I" boundary layer,. The heating ratios are essentially constant for each Mach
I
j, number at the aft portion of the centerbody, A small reverse heating
I

,11 gradient occurs on the afterbody.

f

If.'_ i
"T ,"'" _

'7+..'_' ,_ (

:,.. . 7!

:'_ " 14 ,<
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,!
L

5,,.':_,11+,,_]Me(l,,. i.. IIo, 2
j + .......................

.. +'' r+Phr_hill !_, n w,.lltnt_ '_I_ I.l,, l",,_+ni.,,,l;/ of P,_,_d.n]l_jn, _ (f'.ll+_|1_n _(l.(a)') ai_,n

/-- IIr_+1,,1,111n,t hJl_h(+_.' 1,1in,n l,ll,+IIr_ +_Jll'4r,l,,i No, <l (l.".l.191m+ '[(_ (,n,)) _rld It_'e_ tJg_I.'

' II(}V+I}IIl,J.lllrHlI,l|n "l.'I+._bidn.l._! Vll.illfqll[j, hJ _I,)I_I, All ,p_l.,u,la,d_ l*.hn }u+Id,l.aor,ull

• i' ':,iln .l'Ol'+,J-'.,,J,y +Irl (b_l_(,+It(h.ull ,_11 I, in l+,11+++bn+l,v' litil+['IL_1¢-t nltFP,Irl nlld, I;I,+} ;ll)._nl+lli++n

,, 111 i,J._ i.,_+_lnd+_l.,,y .[+,Vc_.'. Mi+](_]° N{+, +"_ Jl{IIJ l+ I.'+U,'+_I_'KI_V+ +U+l-P,ll] t_l' ].5 (IOF,i'nn+ i_,i+(I

+.. l,t+ tH+pi'oX:ttI_d,r.j]y t4,_ pt,,,'e,tutb _d.' t,ltt+, '[)O_tl_tlat'ty +}t_I' h(JI(_h_, M_+d_] N(+. '.} )IrZU '
+ " . - .

' PI

+ : i).) +,. l.'orel.,ody ++tlt_,]C!o_+.'_O d(_!l+,l,+Ut'tJItltd, :Lt+I+;.pproxlmatel2 _I,P pet'e+nt +f +he

+ t : 'b_Jt_idtit'y "J.t],ye1+ h(+ighL 'Phil, t, OmT>t-+,nuabinl_,effeeb_J of i'oz+ebody angle and- l

•.i: " +__,_,,.,, boundary layer il_mlerait_m on he/hco,s can bu ueert by comparing tim two models

" ' at each Maeh number. The h /h values show the usual direct relation-

+ :: £i ship to _t_ch dumber and inverse relationship to Reynolds number except on

the afterbody. Here the inverse relationship to Math number is noted. The

+'-_-+._ hc/hco,s values approach 1.0 as x/_ approaches i.O. Conduction effects

+_ along the am'face of Meel No 2 are not as apparent as was noted for
_..+ ++*

, Modal No. 9. The thermocouples are located a greater distance from the

1"

:-'+t ' _ Juncture points making the conduction effects less pronounced. The hc/hco,s

....:. profiles along the centerline of the model are essentially those that would

, . . ,, be expected except at the aft end of the centerbody. Theoretically the
I

..... ,, heating on the centerbody Increases ill the aft d'.rection. _onductive he_t

! :.i losses from the aft end or'lillc_centerbody into the relatively cool after-

-:[:.... ,,.' I;!! body result in heat transfer ,",.,t_fftcients that are somewhat lower than

ii" '' would be expected.

,i Diatributlon of ltc/hco,u along the model _eriphery at five ataoion locations

i' f_ . 'l'hc
?i .... are given in figure 71(b) h,_,atinggrad:tents [_ (hc/hco,s)/A(z / b )]

ii ' '+ 1S?'¢ •

O0000001-TSB14



I
._: vary directly with Mach number except on the afterbody. The effect of

_.... boundary layer immersion on hc/hco,s Is most pronounced on the forebody. I

The hc/hco,s values at.the forward end of the afterbody are approximrJ.tely

i"':i,.,_., equal to those on the afterface of Model No. 5 (figure 73(a) and 73(b)) I

,;:.i.. that is located in a region of separated flow. This similarity would I
<:. indicate that flow separation is occurring at the forward end of the after-

"_ii!: body of Model No. 2.

l
: i::? 5.2.4.3 Model No. lO

'_' The heat transfer coefficient ratios on the forebody surface of Model No. lO I

_ii",_,,,_:..,.!i:": (figure 72(a))are highest where the surface extends outside of the boundary I,V layer (x/_ --0.35). The heating on the forebody decreases with immersion

"i in the bounda_ layer. I

The hc/hco,s profiles along the centerline of the model are in agreement I

with theory. The magnitude of hc/hco,s varies directly with Mach number

" and inversely with Reynolds number on the forebody and centerbody. On the .I

., afterbody, the opposite condition exists. The hc/hco,s values approach 1.O

_"'" as x/1 approaches 1.0 (except for M = 2.49 and Re/ft = 3 x 106 where the
A

.... : hc/hco,s '.alue approaches 2.0). I

.':<_.. Distribution of hc/ along the mode), periphery at four station locations

'" are given in figure 72(b). Large hc/hco,s gradients exis_ _n the forebody

and are in direct relation to the Mach number. The variation in hc/hco,s I
around the periphery of the centerbody and afterbody is small.

_,_.

"2_. 16
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_'_I!._.' given in figures 73(a) and 73(b), respectively. The Model No. 5 forebody

.(-,',..'_ and centerbody configurations are the same as Model No. 2. Heating profiles

"_':",'_ in these areas are similar to those of Model No. 2 (see Section 5.2.4.2)

__:":::,._,",__'- considering the variation in tunnel flow parameters

_" ....v ._:_i The heat transfer on the afterface is from 20 to 50 percent of flat plate
-_'i .'."i :.':..:_, "_
_q ....: values as would be expec.ted.

o%:,t.:_:..:.; 'I:7} 5.3 Oil Flow Runs

" !ii>::.i
." ,,:n The oil flow phase of the test was conducted to determine flow field patterns
,,. .:.., .[

-"' _':. _ _"4 that develop in the wake region behind a protuberance. The oil flow patterns,

although not a sensitive indicator of all the flow parameters affecting the

. heat transfer, were expected to delineate the flow boundaries and possibly to

1_ indicate the types of flow involved in wake heating. Two model configurations

(No. 5 and No. 9) were tested on the smooth plate without stringers at various

_,.". combinations of Mach number and Reynolds number. The testing was conducted on
• _

_i ". :!i the smooth plate because it was believed that the oil flow patterns would not

, develop clearly on the irregular surface of the plate with stringers. Further,

'"ii::""__' previous test data (Reference 2) indicated that stringers have little effect

. ..... on wake patterns.

5.3.1 Oil Flow Photographs

_!ii ::._I: Oil flow photographs of the wake region behind the two model configurationsI

_!.. .!- _ were obtained by means of a wide-angle-lens camera. The oil flow technique
|

(Reference 5) consists of coating the test surface behind the protuberance

00000001-TSC02



[ ,'--f[

with a high viscosity oil. The oil has a fluorescent dye in suspension

that becomes luminescent when exposed to ultraviolet light, making it

il possible to observe the formation of the wake patterns.
7;

! 5.3.1.I ModelNo. 9 (M9 + P2)

.i; Figures 74 through 77 show the wake patterns behind Model No• 9 for the

":' 106" three test Math numbers Oil flow patterns were taken at Re/ft = 3 x "

l :Lf_'_ and 1.5 x 106 for M = 2.49 (figures 74 and 75, respectively) Oil flow tests

., 106_" at M = 3.51 and 4.44 were r,,,nonly at Re/ft = 3 x (figures 76 and 77,
,_'J 7,

:_-',,.' respectively).
"%

.'_

, ; The wake asymmetry noted in tilephotographs indicates some cross flow in the

_ tunnel sidewall boundary layer• Also, the asymmetry may be partially
}i

": attributable to the oil _attern sagging on the sidewall (gravitational -_

:, effects) for the lower flow rates at M = 3.51 and h.hh.

The wake patterns at M = 2.k9 appear to be very similar for the two Reynolds ,..

fl numbers except in the area directly behind the afterbody where a darker

. ._ (scrubbed) surface appears for the lower Reynolds number. A somewhat higher

{ !

'_ heating rate is associated with this region• The dark region near the tip

':.J of the model afterbody is an area of high pressure and is also accompanied

"?! by an increase in heating. The lighter area forward on the afterbody is a !
.5

,,.,', region of low pressure associated with a low heating rate.

The oil flow patterns t_ken at M = 3.51 and h.hh are similar to each other

and are somewhat narrower than the patterns observed at M = 2.49. This

•o."" trend of wake narrowing with increase in Mach number is reversed from the 'l

-_ trend of the heating profiles where it was observed (Section 5.2,3.1) that
!

.:"_ the lateral disturbance effect increases with Mach number.

I_ _... o ': _o ,_ _ _'" _ o -.......o _ ..... _ "_":._._._._._,,.,_:_.,®_,_,,_._...... •_::,:i_-_
00000001-TSC03



,'_ 5.3.1.2 Model No. 5 (M_ + P2 )

.i. ',_'" The upstream and downstream portions of the wake at M ; 3.51 and Re/ft -- Lt_

: 3 x 106 are shown in figures 78 and 79, respectively. The formation of the
4 4

@4

.....• i::• highly separated region behind the blunt afterbody is readily apparent. The

!-.:_ , _,. existence of eddies on the test plate directly behind th_ model is visible.

:;i.!_. ' _ The maximum width of the observed wake is approximately 3.5 model diameters

•J/!:_i:.ii('_ compared to h diameters for Model No. 9 at the same tunnel conditions.

•? i_'!i;__a
::..: _: i_j: 5.3.2 Heating Profiles Compared to Observed Wake Patterns •

• [ o",[..,_ -

:i_21')::[i;i_;3 The lateral heating profiles, hc/hco , are superimposed on the associated
:%.•:.:,:.ii _,.. ,s

":...._ i.'_' oil flow wake patterns in figures 80 and 81 for Models No 9 and No. 5,

,_ :_:_.'"::_iI_ respectively. The disturbance area is confined to the observed wake region

:i_ behind Model No. 9 at M = 2.h9. However, the high heating region is seen

to extend laterally well beyond the observed wake at M -- 14.1,1,.

The observed wake pattern behind Model No. 5 (figure 81) generally corresponds

to the disturbed heating profiles.
r-,

:: 5.1, Pressure Coefficient Distributions in the Wake Regions

,_ /. ,}

i.,.-ii ' Pressure coefficient (Cp) profiles are presented in figures 82 through 85

": i•_ for the four models at all t_st conditions. These profiles are developed

•: _ from data obtained from a row _)f pressure taps running the length of the

,_ test plate between the second and third stringers (from the centerline).

.. _-, The geometrical relationship of the pressure sensors to the wake regions of

.... each model varies. Therefore, the profiles cannot be directly compared to

i! each other.

&.

• I 19
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L,

:. _., It is noted that freestream pressure (Cp = O) essentially exists from 3 to

6 diameters downstream of the models. The negative pressure coefficients

_., that appear at the rear of the plate are possibly due to faulty calibration ,-

•_,_ of these sensors. This negative C condition exists on the calibration
. i.) P

_!i" runs also. Previous tests using the same configuration do not show this ,

.:'.'(_ negative C condition to exist.

'.% !I

,: A low pressure region (negative C ) is observed I to 2 di_,eters behind

. •<_ all of the models except Model No. 9 (figure 82) where data are not obtained

': '_ until 4.5 diameters downstream.
._.).,'.:_ ._

f'_./'_ i.
., '_ It can generally be stated that the absolute values of the pressure

j_I'i:..'_':,./"_.; coeffi cient s: :_
,..}<

a. Vary directly with Mach number.

._. b. Vary inversely with Reynolds number in the low pressure

,!. regions, d

I c. Vary directly with Reynolds number in the high pressure

,: regions. ,!
)

i The means for determining the repeatability of the data are limited due '_,,

to most of the instrumentation on the test plate being located in disturbed

regions. comparison

. i_. air flow The of heating rates on surfaces of protuber- I

_.-. i ances that have the same forebody angle and height (figures 71 and 73) show _

:_i i A good indication of the repeatability of the data is obtained by comparing

!r!i, I

•. , ,,,. .
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" ., the heating profiles '.nthe wake regions at constant Mash numbers and

, _ varying Reynolds numbers (figures 66(b), 66(c), 67(b), 68(b), 68(c), 69(b)

;i and 69(c)). The published accuracy limits (Reference 6) for determining

_ heat transfey.coefficients in the Langley Unitary Wind Tunnel Facility are:

. ,

..... co_sPO_iNo

, .

'' _i

......'"_".I..., (BTU/sec_ft2_°R ) ACCURACY Number Re/f%
• . .Q ............ ,

" [! >o.oi_o ±io_ 2.49 3x lO6 "

•;:':_,-' O.OO10 to O.0150 -+15% 2._9 1.5 x 106

x 6
,'7

...." I3 <o.ooi0 +-2c_ 3.5m 1.5x io6

• 4.4g 3 x io6

':' The instrumentation used for measuring pressures has an accuracy of i percent

of full scale (720 psi). The possible pressure error of 7.2 psi is

unaffected by Mach number. However, the error in pressure coefficient

_.,. depends on Math number as follows:

:/("'.:i1:_;
''-'.'!":i MAOH AC

......•. NUMBER i_u_/Fi'

, _ 2.49 1.5 x 106 0.0170
• i 3.0 x 106 O.0090

" : ,.:, 3.5:. 1.5 X 0.0229

' _o63.0 x O.0120

_._4 3.0 x 106 O.0161
i
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i i,i,

5.5.1 Correlation of Theory and Data

;-,, 5.5.1.i Test Plate

Theoretical Stanton numbers (Reference 7) are plotted in figure 86 as a
71. ,_-,'

function of Reynolds number for the three test Much numbers and temperature

i_i')!i:, ratios (Tw/T). The experimeutal data points are In all cases substantially

,:.:,;,, lower than the theory predicts. This lack of correlation has been noted in

,.:,;?,,-: past Langley Wind Tunnel Tests that were run under similar conditions.

L.::,:;:..ii,. However, It should be noted that good agreement between experimental data -
__",..,'__, and theory has been achieved in Langley tests (Reference 8) that were run '_

:,);.',:,.': with relatively thin (0.7 and 1.5 Inches) boundary layers. It can

..... generally be stated that agreement between theory and.data improves with

.- Increasing Much number and Reynolds number and also improves with decreasing ,

• . boundary layer thickness. The reason for this is that thick boundary layers

_i are associated with relatively low heating rates, making the departure from

i"' .. adiabatic wall conditions (conduction losses through the test plate) _'i

i significant. However, the heat transfer coefficient ratios (he/ ) are/

....... not greatly af±ected since the data have been normalized. _

5.5.1.._ Centerline Surfaces of the Protuberance Models "_

,:.., Correlation of the heat transfer coefficient test data with theoretical ._

;'.'" values using the method of Van Driest (Reference 7) is given in figures 87

) through 90. The data have been adjusted to account for the difference in

i_./_,/ the local recovery temperature and the flat plate recovery temperature from
:. which the coefficients were derived.

J . , .

............... _ ,, ._..............................,_........-:..........................,,:,, ,_...._._.-_..........-.-r...... i............ i - - ' ....
o.a.... ,.. o _ ............: a,,,,'.,._:v,__,_,_....................II .
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_.¢,. In general, the theoretical heat transfer coefficients are determined on

_=!_ _i' the various surfaces by the following procedure:

: [_!'""" I.' a. Forebody Surfacei "°"!i)'":._.. " A conical shockwave is developed on the protuberance forebody

corresponding to the upstream tunnel flow parameters. In the case

' " _'! of protuberances that are submerged in the boundary layer (Models

_! , ,r_'. No. 2, 5, and 9), a computer program is used to determine the local

'i _'.!. flow conditions within the boundary layer. The flow behind the '
":.;.'::'"3

shockwave is isentroplcally compressed to the conical forebody

" !: i .'i surface and the local flow conditions are determined. "

l°i:I.i"i::i'_J_!'_i .,._ b. Centerbody, Forward End

".''._::: The flow at the outside edge of the boundary layer on the forebody

........i ,._, surface is expanded around the cone/cylinder Juncture using the

_!_':) Prandtl-Meyer relationships. Local properties are determined and

the heat transfer coefficients are then calculated.
r-,

• c. Centerbody, Aft End

:' The flow at the aft end of the protuberance centerbody is assumed

' to reeompress from Prandtl-Meyer expansion to freestream conditions

i_:._ (Cp = 0). Heat transfer coefficients are based on flow properties
!i _i'i. behind the shockwave and freestream pressure.

: _ '.... _;2 d. Afterbody

,
i.' .. " Flow from the aft end of the centerbody is expanded to the forward

.... "' [i_, end of the afterbody using Prandtl-Meyer relationships. Static

Ii" pressure is assumea to return to freestream values at the tip of

" " '"i the afterbody.
,f!

f.

The theoretical heat transfer coefficients agree reasonably well with the

• . _ test data on all surfaces of Models No. 2, iO, and 5 (figures 88, 89, and

t_ 9O, respectively).
t

'c ,

f

: 23
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A computer program was used to analytically adjust the data on Model No. 9

_'_.! (figure 87) to account for the conduction effects. The heat transfer

,_ coefficient data were taken to be directly proportional to the ratio of the

i incremental temperature rise of an analytical model that considered no

conduction to one that considered conduction. .,

(ATe\e) no conduction
h = h x _T/a,e)with conductionCadJusted Cdata . •

_,_ The Protuberance Heating Test Program has provided additional knowledge on

";: wake heating phenomena. A more complete description of the protuberance '

wake in terms of disturbance heating effects (hc/hco,s) has been obtained

for various shaped protuberances. The effects of l¢_ch number and Reynolds

". number variation on wake heating both on the protuberance and in the wake

region have been determined.
.m,

._.: A summary of the data evaluation shows the following trends:
__

-::-.'/. a. Wake heating effects produced from conical forebody/conlcal

•_:,;: afterbody protuberances are still present up to 25 diameters

.'_:"i downstream of the body (to the end of the test plate). It is _

.__iiiii'i not known at this time where normal flat plate heating returns, i
. <

i..._ b. Heat transfer coefficient ratios on the protuberance surfaces and

-;";_ in the wake region increase with increasing Mach number and also

_[_'_ increase with decreasing Reynolds number. The test Reynolds

numbers are from 2 to 4 times higher than flight values due to

I_.",. tunnel and instrumentation limitations. The magnitude of the

.i_._ hc/hco,s values for Reynolds numbers equal to those during flight
./-"-.i at the time of maximum aerodynamic heating can only be approximated.

.I' )

b

. . I __; -

" - " " ........... 000()00011Ts-09 "C,



' . c, Wake heating effects are confined to the observed (ell flow
[

_ patterns) wake region for Math nlnnbers up to 3,51, At _ M_eh '

• l_i'_ number of 4.44, the lateral dlsturbod heating reglon extends

outslde of the observed wake p_ttorn. This dlsturban_e effect is
A"

_" seen to be larger in terms of protuberance diameters fo_ ¢I[¢ni.I

models.

li

( d. The m_gnitude of the dlaturbaace effect (hc/hco,s) in the wa_e
; reglcn is strongly dependent on the size of the protuberance with

: I i respect to the boundary layer thickness.

: e. The downstream increased heating effects in the wake region behind

"_ _ the boundary layer reattachment point are somewhat less for blunt

afterbodlea than for conical afterbodies.

!/ii: f. The magnitudes of the flat plate heat transfer coefficient data,

._ hc, are from 45 to 60 percent lower than theoretical predictions.

_ This occurrence is consistent with past Langley Wind Tunnel tests
|

that were run with relatively thick (6 inch) boundary layers. It

is concluded, however, that the heat transfer coefficient ratios

(hc/hco,s) are not greatly affected since the experimental data
have been normalized.

g. The heat transfer data on the surfaces of the protuberances

" correlate reasonably well with theoretical predictions.

i,

¢
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TABLE1. LOCATIONOFINSTRUMENTATIONTHERMOCOUPLES- LANGLEYTEST

P_2i ,'!i_: Mudnl N+_.2 Mnlln], Nn. r)s,,

";_ N_. x ;V r, Na. _ y- ;",

" _ ':V_+_ -l_.q _ _._) '/_lc) - ?,.9 0 1 .!_
Bnl . I.II. 1 .,I, p, I..7 '¢(Yl, - IZ!.,) -{} .P, t l. H

'['. '",' ?._; ,:, :+.3 'I,,'._' I.._, _, _._.:! ,:_ 303 " 3.1 r> h .6 703 - l,.'} -;I,.1. t .h
+: ,_71011. - 3. I. ..,+'-,.,.:,' p..n "/'Oh, - I+.q -I. I+ c_.8

" '++',ITI - 3.1. "2.3 I_.5 'i"05 - 0.0 0 ;::',';
i+ +i 3,++; o,o o ,:;.+ 7o_ - o.+. -l,m L ;+

_lJI:1 + 3o7 o.m -_o.5 m.,7} 7o7 . o.o -1.a ,+}.,_+_:, .++08 <>.a -a. 5 i. 5 yo8 o. 6 o P-.5+,+_+; +oo ,,.,+ + +.o 70+ o.+ .i..0 ++.+I+;::+'_+ 31o },.o ..o..,+ _._ ?to o.6 -t.3 o.8
I+:,'i ....31_1. 4 .c} -2.5 1.5 711 1.6 0 2.2

!:i_,: 312 q.7 0 5.0 712 1.6 -i.I 1.4
_ 313 9.7 -2.5 1.5 713 1.6 -l.l 0.8

3]h 12.7 0 4.1 714 2.6 -0.8 o.8
315 12.7 -2.0 i.5 715 [3.6 0 1.i

' 316 19.5 -i.5 1.9
:+, " 317 16.3 0 2 .o

_o._: x £ z _o. x y_ z_

,oo o +o.+.,o +.,5Ol -i]..3 -I.3 1.5 8oi -10.6 -3£1. 4.2

lii+o+ o ++ +o+++ o
503 - 3.6 o 4.7 803 - 6.6 -4.1 5.6

,, : 504 - 3.6 -2.3 2.9 8oi+ - 6.6 -4.5 1.5

+++++ ++ o  o.o= 506 - 1.1 0 _.o 806 - 3.5 -4.7 6.7

_o7 1.1 -2.4 "-'. - ..,. L 807 3.5 -_,o 1.5
508 - L.1 -2.5 L.5 808 3.5 o 1o.o
505) 3.7 o 5.{} 809 3.5 -4.7 6.7

- - 51.0 3.7 -_-.h 3. I. 81o 3.5 -5.0 L.5
I:] : tl 3.7 -_.5 I.5 81.1 6.5 o 9.I
i:! ,T" 512 B.4 o 5.o 81.2 6.5 -4.1 5.6
ul! :: 513 8.h -2.4 3.L 813 6.5 -4.5 1.5

It; r t;_-5 _.,} o 4.o 815 _4.5 o 4.5
II _ _16 n.o -t.2 t._

,.:2 , I+7 o. ,:} o _.511

-,I_(g . . ....

........... 000-0000-1-TSC12





TABLEI,LOCATIONOF INSTRUMENTATIONTHERIVIOCOUPLES
ANDPRESSURE.IAPS,-.LAIE_EYTEST(C0ntin,_l)

.............. : ................ ............................... ,J............

, 'I_,al.})lal:,;,(_nnL.) Totlt;Plato

N,,, _ .__. =N°' =x L_

it,_ %1.h. I,. (._ P'I, '.12. l -h .n
[_(', 31.h _.c) _ 1.6.,) -h.{)

,:' }17 31.;t I,(.).0 P3 L(3.(;_ -,U..I

' " 8c_ 3],.11, 14.0 P5 31._ . -4.(,
• ,i}o 31.4 16. o P6 Bi.h - _. o

• " } ' _1 36.4 h. o P7 31. Ii -'t_. o
'l' q2 36.4 1o.o PB 36.4 -h.o

/. , ; , . 93 41.4 2.0 P9 41.4 -4..,
It,, ' ,i (., 94 41.4 _._.o Pzo 5_.4 -_.o

-,, . :,, i., 5)5 41.h 6.o PII 61.4 -4.0
, ' ' ". ,, q6 41.4 8.o P12 61,4 -8.o

•, " c', 97 41.4 Io.o

.. '; !;:, 98 41.4 , L_.o
', 99 41.4 14.0

I00 41,4 16.0
I01 46.4 2.0
lO2 46.4 i0.0

_"_; i03 51.4 2.0
_ loh 51.4 4.o

.- Io5 51.4 6.o
..... lO6 51.4 • 1o.o
,_, ,o7" 51.4 14.o
.-_ _ 1o8 56.4 2 .o
-q ": 109 56.4 I0.0

•' ,_ _ .! , n.o 61..4 2.o
" ' i'i!i a.4-<'. . " 112 61.4 6.0

• .: /;'.." .,, 113 61.4 8.0
; .. : i.i 114 61.4 lO.O
• ' ' ' 115 61.4 12.0
' " 116 61.4 _4.o

' 118 17.6 -lO.O
i.. i19 21.4 -6.0

-4". 120 29.4 -i0.0
;' ,_ 121 31.4 -I0.0

" 122 46.4 -I0.0

ii _,o.3 56.4 -lO.O
- I g

I . I,......

i

00000001-T8C14



TABLE2.LANGLEYPROTUBERANCEHEAT;NGTESTRUNSCHEDULE

MODEL PARAMETER DATA REYNOLDS _
RUN CONFIGURATION INVESTIGATED h, p* NO. x 10-6 MACH NO.

I-I PI** Calibration h,p 3•9439 2.49

1-2 PI Calibration h,p I.5727 2.49

I-3 P1 Calibration h 2.9434 3.51

l-& P1 Calibration h 1.2896 3.51 .
i

I-5 P1 Calibration p 1.7000 3 •51

u

i-6 P1 Calibration h,p 3 •1985 4.44

2-1 Pl + M9 Wake Heating h,p 3.0318 2.49

2-2 P1 + M9 Wake Heating h,p 1.5804 2.49 i

2-3 PI + M9 Wake Heating h,p 2.9514 3.51

2-4 PI + M9 Wake Heating h,p 1.5532 3.51

2-5 P1 + M9 Wake Heating h,p 3.2185 4.44

3-1 PI + _ Wake Heating h,p 3.0695 2.49

i_!_ 3-2 PI + _ Wake Heating h,p 1.5705 2.49 !

j_:L_!:i 3-3 PI + _ Wake Heating h,p 2.9789 3.51

_:: 3-4 PI +_ Wake Heating h,p 3.2592 4.44

i 4-I PI + _0 Wake Heating h,p 3.0394 2.49

l!i,owe .914-4 P1 + _0 Wake Heating h,p 2.9698 3.51

h-5 P1 + _0 Wake Heating h,p 1.5614 3.51

_!!i,._ 4-6 PI + _0 Wake Heating h,p 3.1722 4.44
_:i_i 5-I Pt + _ Wake Heating h,p 3.0264 2.49

°!I' _i-2 PI + _ Wake Heating h,p t.5586 2.49
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' TABLE2. LANGLEYPROTUBERANCEHEATINGTESTRUNSCHEDULE(Continued)

MDDEL PARAMETER DATA REYNOLDS.RUN CONFIGURATION INVESTIGATED h,p* NO. x i0"6 MACH NO.

_ 5-3 P1 + N5 Wake Heating h,p 3.1848 4.44

5-4 Pi + M5 Wake Heating h,p 2.9351 3.51

ii 5-5 PI + M5 Wake Heating h,p 1.5426 3.51

_ii (_I 6-4 P2** +M9 Oil FJow h,p 3.0529 2.49

_!_ 6-5 P2 + M9 Oil Flow h,p 1.5578 2.49

! _ 6-6 P2 + M9 Oil Flow h,p 3.1983 4.44
,_

**': 6-7 P2 + M9 Oil Flow h,p 2.9475 3.51

_ 6-8 P2 + M9 Oil Flow h,p 1.5519 3.51
i i i ii

*, *h- heat transfer

p- pressure

•: _i **PI" plate with stringers

i _?: P2" plate without stringors

I
I

. _ {7.
M3DEL NO. FOREBODY BODY AFTERBODY

! t..
, !. M2 15° 2.5 CAL 30°

M5 15° 2.5CAL 0°

Li!. _ M9 30° 0.5 CAL 30°

i!!{i' MIO 30° 2 CAL 30°

31
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; ' ' Fizure2. ProtuberanceModelsBasicConfigurations(SideViews)
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::'_' Figure74. Oil FlowPatternsofModelNo.9atM- 2.49andRe/FT: 1.5X 106
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: Figure76. Oil Flow Patternsof ModelNo. 9 at M -- 3.51 and Re/FT- 3 X 106
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REPRODUCIBli.ITY 'OF THE ORIGINAL PAGE IS PO()R.

-i: Figure 79. DownstreamOil Flow Patternsof ModelNo.5 at M a.bt and Re/FT-- 3 X 106
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I

I Matorial Proporti_:

i
Nleka]

Thermal conduct_.vity 0.0136 Btu/_ec.ft-°R

I Heat capacity 0.i0_ Btu/ib-°R

t;::i °_°°_' _4.6__/__
';:_ Stainless Steel

"-! Thermal conductivity 0.0023 Btu/sec-ft-°R

:! ;: Heat capacity O.108 Bt_I/ib-°R

Density 501.12 ib/ft3
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T. , ,_:X.,I_L,_G PAGI_ BLANK NOT FJLMI:D

i

_p_=_._ _) .......
- 7_ "'r

!l ' _ 3
The data were reducedby I_ngleyResearchOenter using the methodbelow. The

I_....' m_terialpropertiesused in the comput_bionswere determinedby Douglas.

"' ' a

'_/ EWAa_tionsfo_ Data Reduction
ii

_aero qlosses "',,_i.,"i = _stored +

_': :'J,_ ,i Neglecting losses the equatio_ can be written:

' ':' dT

"
". ;j

t' .. and by rearranging:

t t
. Wbc Tw't

lii_. 0 0 0
,; ,0 "

T

I_: where _ is experimentally determined.

' ""'_: Thus

!,!!C!I_: h _ Wb__w,t
i-?:_::_ % &

_:: I: Considering the data obtained from the previous,test, the'losses due to conduc.

"Ii 1• , tion were neglibible. Therefore, no conduction c rrections were rode on the data

!!, .,'i ' ' obtained from this test.
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Eq_uatlonsfor D_ta Rodu_tlon (Cont)

' W = d._,m:'_l_tyof skin ]b/ft3
/

b = skin thicknef_s,ft

• , _ c = specific heat of skin mterial, Btu/ib-°R

""/'i k - heat conductivity of skin, Btu/sec-ft-°R

'" ::""'_ h = heat transfer _oefficient, Btu/sec-ft2-°R

•.._i _ = aerodynamic heat input, Btu/sec-ft2

•. ',,;_

.... ," T -- e,-luillbrlumtemperature, °R "

'_ T = stagnation temperature, OR
_.," O

",%

Tw = model wall temperature, OR

X,Y = distance between adjacent thez_oeouples

Subscripts

,t

o time zero, unless defined otherwise

,I t time greater than zero- I'

-"; n pertaining to thermocouple location

.'!I i at time interval

I.I

,_ !
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